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Abstract:  
Coatings are often used to reinforce the surface of monuments, although little is 
known about their surface dispersion and effectiveness. This paper examines 
the surface distribution of Ca(OH)2 nanoparticle-based coatings (Ca(OH)2-NP). 
The coatings were sprayed on different substrates and studied by image 
analysis software and microscopy. Using image segmentation techniques the 
phase of interest (coating) was separated from the background material and 
evaluated. In control surfaces, up to 92.73% of the examined area was coated 
by the nanoparticles. In contrast, when the treatment was sprayed on building 
materials the NP-coatings were preferentially deposited in weaker zones, such 
as cracks or defects of the surface. In this case, the processed images revealed 
that less than 30% of the examined surface was coated by the NP-coating.  
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Protective coatings are necessary to extend the durability of ancient 
materials [1-3]. For instance, the use of nanoparticle-based Ca(OH)2 alcoholic 
suspensions has been recently reported in consolidating stucco, adobe and 
stone surfaces [4]. An advantage of the treatment is that the small size of the 
nanoparticles facilitates their penetration through the pore system of 
mechanically-weak materials. Besides, the waiting time between consecutive 
coats is considerably reduced because of the volatility of alcohols in comparison 
with conventional solutions as lime water [5]. The mechanical reinforcement of 
the surface is explained by conversion of Ca(OH)2 into CaCO3 by atmospheric 
CO2, a process also referred to as carbonation [6]. Since the vast majority of 
ancient materials are eminently calcareous, the new CaCO3 coating is highly 
compatible with the substrate. In fact, the substrate-coating similarity is an 
important concern in conservation science as the original surface should not be 
altered [7].    
 
Coatings with consolidating features delay the surface weathering reducing its 
maintenance. However, the coating performance should be evaluated by 
reliable and preferably non-destructive methods. The peeling test provides 
useful information about the cohesion and consolidation of grains partially 
detached on the surface. The test, which produces minimal damage, uses 
adhesive strips to remove small amounts of material generally of the order of 
milligrams or less [8]. On the contrary, more aggressive techniques like laser 
devices are used for effective cleaning and patina removing in heritage objects 
















valuable information on the efficacy of cleaning and the intrinsic characteristics 
of the surface [13-16]. However, the homogenous distribution of the coating, 
and therefore its effectiveness, has been scarcely addressed since it is not 
exempt from practical difficulties. In SEM analysis, for example, the phase of 
interest (coating) might be difficult to distinguish due to its poor contrast with the 
substrate. This problem is more evident when Ca(OH)2-NP coatings are spread 
on rather similar substrates, as for instance calcitic surfaces, as they are 
converted into CaCO3 [4].  
 
Non-destructive techniques are gaining importance in the diagnosis of heritage 
materials. This paper aims to develop new methodologies for evaluating 
coatings’ performance using microscopy, image analysis and segmentation. 
First, the coating is deposited and tested on control surfaces that are rather 
different from the coating. The images acquired with the microscope were 
uploaded in the software ImageJ to perform thresholding and segmentation 
operations. Building materials were also studied to ascertain whether their 
irregular surface had an influence on the homogenous distribution of the 
coating. It was found that the consolidant was preferentially accumulated on 
weaker areas of the substrate, which is an advantage for its successful 
consolidation. In addition, the covering capacity was quantified with the software 
providing data that are consistent with microscopy examination.  
 
2. Materials and methods  
 
















Pure Ca(OH)2-NP were synthesised in a glass reactor under N2 
atmosphere to prevent carbonation to happen (Fig. 1a). The reaction was 
carried out using analytical grade reagents and the purification of the solid 
phase was carried out as recently described by Madrid and Lanzón [17]: 
NaOH + CaCl2 → Ca(OH)2 ↓ + NaCl 
 
After that, suspensions of 5 g/L were prepared dispersing pure Ca(OH)2 in 2-
propanol and sonicated to obtain stable mixtures. The flasks were purged with 
nitrogen, closed and sealed with Parafilm® to extend the durability of the 
suspension.  
 
2.2. TEM and SEM examination 
The Ca(OH)2-NP were examined by TEM to study morphological aspects 
and the range size of the nanoparticles. First, the liquid was diluted ten times 
with 2-propanol (0.5 g/L) and 5 µl were deposited on 200 mesh grids. Then, the 
drop was left for several minutes in the grids to achieve total evaporation of 2-
propanol. TEM examination was conducted at 200 kV with a JEOL JEM-2100 
microscope and the images were saved as .tiff files. 
Scanning Electron Microscopy (SEM) was used to assess the thickness of 
nanoparticle-based Ca(OH)2 coatings sprayed on flat surfaces (control). The 
control surface consisted of 40x40 mm black cellulose substrates on which the 
treatment was repeatedly sprayed. The coating was applied at a uniform 
distance of 10 cm in five consecutive layers with a laboratory nebuliser (Fig. 
















to increase the image quality as usual in secondary electrons mode. The SEM 
microscope (Hitachi S-3500N) was operated at ultra-high vacuum and an 
accelerating voltage of 5kV. 
2.3. Optical microscopy  
A Digital Microscopy (Dino-Lite Edge) for surface examination was used 
to characterise the coatings deposited on the surface. The microscope was 
equipped with Dino-Capture 2.0 software, polariser filter and a measurement 
device that allows precise quantification of distances at the selected 
magnification (Fig. 2). A set of adjustable LEDs allowed adjustment of light 
intensity and hence, the acquisition of comparable images with the microscope. 
The images were captured at the same magnification (65x), saved as .tiff files 
and opened with ImageJ software.   
2.4. Image analysis & segmentation: physical distribution of NP-coatings 
ImageJ 1.50i software was used to evaluate the coatings distribution on 
the surface of control and building material samples. This software has been 
used for the characterisation of a number of materials like wood and stone in 
the context of heritage conservation [18-20]. First, the scale bar at the bottom of 
the image was used to calibrate the image i.e. to transform pixel distances into 
physical distances. Once calibrated, the images were converted into 8-bits 
images, from which grayscale histograms were displayed. As expected, white 
coatings as calcite provided a narrow peak on the right part of the histogram, 
whereas the black substrate gave an intense peak on the left side. A number of 
















chosen algorithm was IsoData (Iterative Self Organising Data Analysis) [21-22]. 
Finally, the segmented images were processed to evaluate the coating area 
relative to the total area.  
2.5. Peeling tests and hardness: consolidation efficiency of NP-coatings  
The surface cohesion of treated and non-treated samples was studied by 
means of non-destructive methods like peeling tests and hardness (Fig. 3). The 
peeling test was carried out with 10 x 50 mm adhesive strips on the external 
surface of laboratory-made plasters (Fig. 3.a). The material adhered to the tape 
was weighed with a resolution of ±0.0001g [8]. The measurements were 
repeated 10 times to calculate the average amount of material bonded to the 
strip (removed) as well as the relative standard deviation (RSD %).   
The study of consolidation was completed with a Baxlo® durometer suitable for 
soft materials (Fig. 3b). The durometer uses a truncated cone indenter to create 
small indentations on the surface. The hardness was measured 10 times per 
sample and a standard material (60 Shore-A units) was used as reference.  
3. Results  
3.1. Morphological study of Ca(OH)2-NP 
The use of analytical grade reagents in the synthesis (CaCl2 and NaOH) 
facilitated formation of pure Ca(OH)2-NP. TEM examination confirmed the 
nanoparticles were hexagonal in shape as expected for pure portlandite crystals 
(Fig 4) [17]. The dimensional characteristics of portlandite 2D nanoparticles 
















scale-bar displayed at the bottom and the known distance was converted from 
pixels into nm. The diameter of Ca(OH)2 nanoparticles was calculated from the 
line segments that run between vertices of the hexagons (Fig. 4a). The 
measurement was conducted on ten nanoparticles (numbered as 1-10 in Fig. 
4b) and the average size was 386.2 nm. A number of NPs, for example NP #10 
and nearby ones, had diameters around 30-40 nm and were, therefore, 
considerably smaller in size.     
The control 40x40 mm surfaces were stored under laboratory conditions for 28 
days to ensure complete carbonation of the coatings to happen (CaCO3). After 
that, they were examined by SEM to assess the coating thickness resulting from 
applying five layers of treatment (Fig. 4c-d). SEM images showed valuable 
information on carbonated coatings (yellow arrows) deposited on the cellulosic 
structure of control surfaces (white arrows). The coating deposition was 
somewhat uniform, although some NPs clusters were formed on the surface 
(Fig. 4c). Further examination along the paper-coating transition zone, revealed 
the maximum thickness of the coating was around 15 µm, as shown in Fig. 4d.  
3.2. Coating-substrate separation  
The use of segmentation allowed the separation of the NP coating from 
the control substrate. In 8-bits images, the grayscale varies from 0 (black 
objects) to 255 (white objects), thus giving a total of 256 graylevels. Optical 
microscopy images were converted into 8-bits, calibrated in mm and processed 
with ImageJ (Fig. 5). The histograms corroborated that coating (white) and 
substrate (black) gave well-resolved peaks and therefore, distinguishable from 
















NP coatings, moderately coated and non-coated areas based on their grayscale 
levels.  
In the control surface, the left zone was intentionally left uncoated to study the 
grayscale variation from left to right. A region of interest (ROI) was drawn 
across non-coated and coated zones of the surface and grayscale data were 
plotted against the calibrated distance, in mm (Fig. 5a). The plot shows 
consistent information as densely-coated areas provided higher grayscale 
values as compared to moderately-coated or non-coated areas (Fig. 5b).  
3.3. Evaluating the covering performance of nanolime coatings  
Since the software is able to extract reliable information on the coating, 
further analyses were performed to assess the covering efficiency of nanolime. 
Considering that the left part of the substrate in Fig. 6a was not treated with 
nanolime, the coating surface represents 67.04% of the examined area. 
Besides, the binary images show practical information about non-coated zones 
(defects) that might be connected to the application method (Fig. 6b). However, 
in coated substrates the covering performance must be higher as the left part of 
the surface was not treated with nanolime as earlier commented.   
To test the reliability of the method, the analysis was repeated in fully-coated 
samples using equivalent grayscale ranges (Fig. 6c). Equally, the foreground 
coating was segmented to measure the percentage of treatment deposited on 
the studied surface. Fig. 6d shows that some zones were rather well coated 
since fewer defects were found in the images. In this case, the covering 
















3.4. Assessing the coating’s performance on heritage materials 
Earthen materials were chosen in the study as they are often used in 
heritage constructions and need consolidation. Laboratory-made samples were 
confectioned with clay, sand and water to obtain a workable paste that was 
plastered and smoothed with a trowel [22-24]. Besides, a small fragment taken 
from the reconstruction of an earthen-wall in The Alhambra was used to 
evaluate the treatment in real heritage samples.  
It was found that the NPs were mainly accumulated in weaker zones of the 
surface, such as the binder-aggregate Interfacial Transition Zone (Fig. 7). The 
particular spread pattern of Ca(OH)2 NPs might be connected to differential 
suction of the substrate. The heterogeneous distribution of the coating and its 
accumulation in certain zones was confirmed by image analysis. In fact, in the 
studied earthen plasters the coating covered less than 10-12% of the surface.  
Similarly, The Alhambra fragment was treated with nanolime to examine the 
coating distribution pattern (Fig. 8). In this case, to investigate the influence of 
the deposition method, small volumes (20 µL each) were carefully applied with 
a micropipette. In comparison with the sprayer, the NPs concentration was 
higher as the deposition takes place on a rather small area. The colour images 
confirmed the irregular distribution of the coating when a single injection of 
nanolime was performed (Fig. 8a). Once again border grains and tiny cracks 
were apparently filled and strengthened with Ca(OH)2-NPs. Image 
segmentation confirmed the covered area was lower than 8.5% of the computed 
area (Fig. 8b). The analysis was repeated in several zones, but the coating’s 
















was applied three times with the micropipette on the same point to saturate the 
surface (Fig. 8c). The threshold process and histogram is shown in Fig. 8d 
using the same grayscale interval to separate coating and background. The 
impregnation was repeated in different zones and the coating distribution was 
around 28-30% relative to the examined area.   
3.5. Testing the consolidation efficiency of nanolime coatings  
Table 1 shows erosion and hardness data obtained by peeling tests and 
Shore-A durometers conducted on earthen plasters. As expected, the 
consolidation efficiency notably differs for peeling and Shore-A tests since they 
are aimed to obtain information on the surface erosion and indentation, 
respectively. In the peeling tests, the degree of material removed by adhesion 
was considerably reduced by a factor of 4.7 in consolidated samples. The 
consolidation efficiency (78.9%) was calculated as percent variation between 
coated and non-coated samples. Shore-A data equally confirmed the surface 




 Image analysis and segmentation is a suitable method in non-destructive 
diagnosis of heritage materials. ImageJ provides valuable information to 
evaluate essential requirements on the practicability of coatings. For 
example, the number of layers necessary to ensure a given performance 
















 The reliability of the analysis is greatly improved when nanolime coatings 
are applied on black surfaces. In these conditions, coating and 
background are clearly separated in the histogram, allowing precise 
quantification of both phases. With the proposed method i.e. five coats 
(5g/L), sprayed with nebuliser at constant distance (10 cm), the nanolime 
coating covered up to 92.73 % of the substrate. Although laboratory 
experiments are not fully comparable to field conditions, the outcomes 
might be useful when similar coatings were applied on monuments and 
buildings.  
 The coating distribution is most likely affected by inherent features of the 
surface. In fact, the treatment is preferentially accumulated in critical 
zones of the surface, such as pores, defects and grain borders. 
Therefore, the consolidant may reinforce weak areas and zones that are 
prone to deterioration in the long-term. The selective filling of consolidant 
in critical zones could be partially explained by the higher suction of 
pores and cracks on the surface. However, further research is needed to 
elucidate the particular mechanisms behind such behaviour.  
 Finally, it is worth stressing that despite the diluted nature of the 
suspensions (5g/L), physical measurements conducted on the surface of 
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Fig. 1 a) Glass reactor and modified atmosphere to avoid carbonation; b) compressor and 
laboratory nebuliser containing nanoparticles in 2-propanol (5 g/L) 
Fig. 2. Digital microscope for surface examination. Accessories, calibration device and example 
of 40x40 mm control surface.  
Fig. 3 Test for measuring the physical resistance of materials at the surface: a) adhesive strips 
for peeling tests; b) Shore-A durometer for soft materials. 
Fig. 4. TEM and SEM examination: a) use of ImageJ to measure the size of 2D Ca(OH)2 NPs; 
b) the NPs were perfectly hexagonal and the calculated average size was 386.2 nm; c) CaCO3 
coating after carbonation of Ca(OH)2; d) cross-section of coating with a thickness of 13.9 µm.  
Fig. 5. Transition zone between control surface (black) and Ca(OH)2-NP coating sprayed in five 
consecutive layers; a) background and coating give separate peaks in the histogram; b) ROI 
showing discrimination between non-coated areas (left part), moderately coated areas (central 
part) and densely coated ones (right part).   
Fig. 6. Segmentation process: a) Control substrate partially coated with nanolime; b) binary 
image showing foreground objects in black (phase of interest); c) dense nanolime coating on 
control surface; d) nanolime coating covering 92.73% of the surface.    
Fig. 7. Laboratory-made earthen samples coated with nanolime. Left image: The coating is 
more concentrated along grain borders, weaker zones and pores (arrows); Right image: 
foreground objects (coating) analysed by the software in the examined area.  
Fig. 8. Heritage material, 1.5 cm size fragment, taken from a wall under reconstruction in The 
Alhambra: a) colour images showing grain borders filled and reinforced with NPs by injecting 
1x20 µL (white phase); b) binary image showing nanolime segmentation in black; c) Injection of 
3x20 µL of nanolime suspension on the same fragment; d) threshold and histogram to separate 







































Average 954.6 201.6 78.9 81.4 92.3 13.4 
Sigma
1




RDS% 10.51 10.36 5.68 5.08 
1






















Image analysis is a suitable method to evaluate the surface dispersion of coatings 
Nanolime 5g/L covered 92.73% of the surface when sprayed in 5 coats (10 cm distance) 
The coating distribution was affected by inherent features of the substrate (surface) 
Image examination reveals the consolidant is mainly accumulated in cracks and defects 
The methodology is non-destructive and, therefore, appropriate for Heritage Materials  
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